Structural analogs ofS-adenosylhomocysteine were tested in vitro for inhibition ofthe yeast S-adenosylmethionine:A2'-sterol-C-methyltransferase enzyme. A wide inhibitory range by these compounds was observed, suggesting which structural features of the parent compound are important for binding to the enzyme. No analog tested had inhibitory activity specific only for this enzyme. The most active compound was sinefungin, a metabolite of Streptomyces griseolus, which was also able to inhibit growth of yeast cultures. Sterol extracts of cells grown in the presence ofsinefungin revealed a dramatic increase in the levels of zymosterol, the sterol substrate in the transmethylation under study, and a concomitant decrease in the levels of ergosterol. Evidence is presented that sinefungin is transported inside the cell by the same permease as S-adenosylmethionine. We conclude that sinefingin is blocking the in vivo methylation of sterols in yeast. The implications of this finding are discussed.
Structural analogs ofS-adenosylhomocysteine were tested in vitro for inhibition ofthe yeast S-adenosylmethionine:A2'-sterol-C-methyltransferase enzyme. A wide inhibitory range by these compounds was observed, suggesting which structural features of the parent compound are important for binding to the enzyme. No analog tested had inhibitory activity specific only for this enzyme. The most active compound was sinefungin, a metabolite of Streptomyces griseolus, which was also able to inhibit growth of yeast cultures. Sterol extracts of cells grown in the presence ofsinefungin revealed a dramatic increase in the levels of zymosterol, the sterol substrate in the transmethylation under study, and a concomitant decrease in the levels of ergosterol. Evidence is presented that sinefungin is transported inside the cell by the same permease as S-adenosylmethionine. We conclude that sinefingin is blocking the in vivo methylation of sterols in yeast. The implications of this finding are discussed.
Ergosterol is the primary sterol found in the yeast Saccharomyces cerevisiae. One enzyme in ergosterol biosynthesis is the S-adenosylmethionine: A2'-sterol-C-methyltransferase (SCMT) , which catalyzes the transfer of the methyl group from S-adenosylmethionine (SAM) to the substrate zymosterol (21, 24) ; the carbon is added as a methylene group to carbon-24 across the 24-25 double bond in the sterol side chain. The final step in ergosterol biosynthesis is the subsequent reduction of the 24 (28) double bond (2, 29) . Our laboratory has studied the SCMT as part of a continuing investigation of sterol metabolism in yeast (2, 21, 23, 24, 29, 30) .
Sterol analogs have been used as inhibitors of the sterol methyltransferase (2, 25) , but because of their aqueous insolubility they are unsuitable for routine physiological studies. In an attempt to determine cellular adjustments resulting from an inhibition ofthe SCMT, we studied the effect of analogs of S-adenosylhomocysteine (SAH) on both in vitro and in vivo sterol methylation. SAH is the product of SAM demethylation and has been shown to be a potent inhibitor of virtually all cellular tranamethylations involving SAM (7, 8, 13) . Differential sensitivity ofvarious SAH analogs has been demonstrated for several enzymes (7, 13) . We report herein the inhibition of the SCMT by these analogs as well as the in vivo blockage of ergosterol accumulation by the most potent of these inhibitors, sinefungin (SF). 45 min, and then were terminated with addition of 1.5 ml of 5% trichloroacetic acid. The 500 x g pellets were made alkaline with 60% KOH, resuspended in 0.5 ml of dimethylsulfoxide, and steamed for 1 h. After cooling, 5 ml of water was added to each tube. Sterols were extracted with three 9-ml hexane washes. A 0.5-ml amount of methanol was used to disperse emulsions that often developed in the organic phase. After the hexane was evaporated, the residue was dissolved in 10 ml of a PPO-POPOP toluene cocktail (3 g of 2,5-diphenyloxazole and 0.1 g of 1,4-bis[2-(5-phenyloxazolyl)] in 1 liter of toluene), and radioactivity was determined by a Beckman LS8000 liquid scintillation counter.
Zymosterol purification and sterol analysis. Zymosterol was purified from strain 8R1 which contains 50% of its whole cell sterols as zymosterol. Sterols were isolated from whole cells as described by P. R. Hays (Ph.D. thesis, Oregon State University, Corvallis, 1978), converted to sterol acetates (11), dissolved in ether, and layered onto a 2-mm silica gel plate (Kieselgel 60 F-254, EM Laboratories) impregnated with 10% AgNO3. Plates were run 24 h with a wick in cyclohexane:ethyl acetate (85:15). The zymosterol band was characterized by its UV adsorption only after the application to the plate of a Berberine aerosol (0.1% in 95% ethanol) (22) and extracted with chloroform-methanol (4:1). Free sterols were reformed by methanolic saponification (20) and analyzed by gasliquid chromatography. Zymosterol was determined to be more than 98% pure.
Gas-liquid chromatographic analyses of sterols were performed with a Varian series 2700 gas chromatograph equipped with a CDS-111 data processor and a SP-2250 column. Sterols were identified with standards previously analyzed by gas-liquid chromatography-mass spectroscopy (4) .
SF inhibition of growing cultures. For initial growth studies of SF inhibition (Fig. 2) , cultures of 3701B and CC282-6C were diluted 100-fold into YNB plus supplements and SAM. Cultures were allowed to grow to a cell density of 80 Klett units before the addition of SF in 2 ml of sterile medium. Final volume was 10 ml, and the final SAM concentration was 0.2 mM. Similar procedures were followed for subsequent studies, except that SAM and methionine were omitted from the media unless specified otherwise. After growth of the cultures had ceased, the cells were subjected to methanolic saponification (1) 1 for structures and complete compound names). Berberine hydrochloride was purchased from Sigma. Other chemicals were of highest commercial purity.
RESULTS AND DISCUSSION SAH analogs and in vitro SCMT inhibition. The A54-sterol-C-methyltransferase represents a key point in the divergence of fungal sterol biosynthesis from the sterol pathway of animals. This laboratory has devoted considerable effort to understand the physiological importance of this methyl transfer reaction. It was anticipated that a derivative of SAH might be selected that would inhibit the SCMT exclusive of other transmethylases. Towards that end, we obtained a number of SAH analogs (Fig. 1) and have tested them on the yeast sterol methyltransferase. Compounds are classified on the basis of whether they represent a modification of the amino acid or of the base portion of the parent SAH molecule. In most cases each derivative represents one structural modification in the SAH molecule. In this manner, the enzymatic binding properties can be systematically dissected.
The amino acid-modificed analogs include a few natural compounds: MTA, an important compound in the degradation of SAM and an Only alterations from this structure are listed. Abbreviations: SGH, S-guanosylhomocysteine; SIH, S-inosylhomocysteine; N6-methyl-SAH, S-N6-methyladenosylhomocysteine; N6-ethyl-SAH, S-N6-ethyladenosylhomocysteine; 2-aza-SAH, S-2-azaadenosylhomocysteine; 3-deaza-SAH, S-3-deazaadenosylhomocysteine; STH, Stubercidinyl (7-deaza) homocysteine; SUH, uridylhomocysteine; SCH, S-cytidylhomocysteine. Inhibition constants for some of the compounds are shown in Table 2 . Insufficient amounts of the analogs were available for accurate determination of inhibition constants for all compounds. Two compounds, MTT and SIBA, were tested but did not affect activity. MTT is an analog of MTA (discussed above), and SIBA is a compound found to be quite inhibitory in some systems (27) . The data in Table 2 reinforce the percent inhibition figures.
From the information in Tables 1 and 2 , it is possible to determine the structural features of SAH that are important in its binding to the SCMT: the terminal amino acid and carboxyl groups of the homocysteinyl residue, its threecarbon length, the thio ether linkage to the ribosyl group, the purine ring containing the N6 amino group, and the 3-aza moiety. Although all analogs are of the L configuration at the homocysteinyl alpha carbon, except of course for D-SAH, it does not appear that the normal (L) configuration is required for effective binding since D-SAH was a good inhibitor. This lack of D/L specificity has been observed in other methyltransferases (7) (see below).
The inhibitors tested yielded data that are similar to other methyltransferases (7, 10, 18, 26, 27, 31, 33) . One exception appears to be SUH, which has the pyrimidine uracil substituted for adenine. SUH had significant but intermediate inhibitory activity. This is surprising in view of the fact that SCH, the other pyrimidine analog, was completely ineffective as an inhibitor. SCH would appear to be a better mimic of SAH than SUH because of the 6-amino group on the cytidyl residue.
Yeast inhibition by SF. SF and A9145C were the two compounds tested that were most active against the SCMT (Table 1) ; the apparent Ki of SF was almost five times lower than that of L-SAH (Table 2 ). SF, which contains an ornithine residue linked via a carbon-carbon bond to the 5' end of adenosine (6), has previously been found to be inhibitory to the growth of the yeast Candida albicans (16) with a minimal inhibitory concentration on YNB medium of 1.5 to 3 g-ml (3 to 6 uM).
Because of these inhibitory properties, SF was used to test for inhibition of SCMT in S. cerevisiae in vivo. Growth of 3701B and of CC282-6C in the presence of a range of SF concentrations is shown in Fig. 2 . Both strains were quite sensitive to SF, although not to the same degree. At higher concentrations growth inhibition was observed after about one generation, as best apparent with CC282-6C. CC282-6C appeared to be more sensitive to SF than 3701B (compare 0.1 and 0.01 itM concentrations). This may occur because CC282-6C is dependent on exogenously added SAM (12) , and SF may interfere with either the uptake or the intracellular processing of SAM.
Since SF is a potent inhibitor of many SAMdependent methylation enzymes (see below), we sought to look specifically at the antibiotic's effect on sterol methylation. Control cultures and cultures incubated with SF were harvested, subjected to mild acid hydrolysis, and saponified. Sterols were extracted and analyzed by gasliquid chromatography. The results from two strains are shown in Fig. 3 . As SF levels were increased to around 1 itM, there was an increase in the levels of zymosterol, the methyl-accepting substrate. This was true for 3701B, S288C, and CC282-6C (data not shown). At higher concentrations of SF (100 to 1,000 i,M) no ergosterol could be detected by our analysis. Sterols other than zymosterol were detected, however these other sterols are also found in yeast mutants lacking a functional sterol methyltransferase (4).
Hence, SF addition to yeast cultures appears to mimic the sterol pattern of a mutation in the SCMT, implying that the antibiotic is blocking sterol methylation in the cell.
These data also suggest that SF is inhibiting more than one methylation site in the cell, since growth of 3701B was inhibited at SF concentrations where the sterol profile was not affected (Fig. 2a and 4) . Conceding that SF was acting on many methyltransferases in vivo, we looked in a more general manner at the inhibitory process of the antibiotic. The most likely mechanism of growth inhibition would be a competition with SAM. The relevance of this simple model is supported in the following experiments. Figure  4 shows growth inhibition of S288C by SF in the presence and in the absence of SAM. Although SAM addition did not cause an increase in growth of a control culture, cultures with this compound in the medium were not as sensitive to SF inhibition as parallel cultures grown without SAM. It appears that SAM and SF are competing for cellular binding sites. A similar experiment utilized strain 838E8-B3, which requires methionine but is unable to transport SAM. This organism cannot utilize exogenously added SAM to satisfy its methionine requirement and will grow only when methionine is supplied. 838E8-B3 was insensitive to SF inhibition (data not shown). This demonstrates that SF must be taken up by the cell before it can exert its inhibitory effect, and that it is taken up by the SAM permease enzyme. Effect of SF on intracellular SAM. To define more accurately the relationship between SAM and SF, the intracellular concentrations of these compounds were determined. The results are shown in Table 3 . As seen in 3701B, no intracellular SAM was detected unless the culture was supplemented with SAM. When added to the medium, SF could also be detected in the cells; the lower amount compared with SAM probably reflects the lower concentration of SF added as well as the time of addition, which was during the middle of balanced growth. When both SAM and SF were supplied, there was an increase in the levels of SAM in the cell and a decrease in the amount of SF to the limits of These results may explain why the growth of cultures supplemented with SAM is not as sensitive to SF inhibition as unsupplemented cultures. There is less SF accumulated in the cells fed with SAM, and there is more intracellular SAM. Alternatively, the increased SAM concentration in SF-treated cells may reflect an accumulation of internal SAM caused by the antibiotic's disruption of the flow of SAM into other cellular components. This is not likely since no SAM was observed to accumulate in cultures grown without SAM but in the presence of SF.
SF and transmethylation. Although SF is capable of inhibiting the SCMT intracellularly with the resulting accumulation of zymosterol, it is also toxic for a wide variety of SAM-dependent methyltransferases. SF and its related compound, A9145C, have been shown to be more effective than L-SAH in inhibiting several mRNA methyltransferases in vitro as well as stopping viral multiplication (26) . SF was a potent inhibitor of transformation of chicken embryo fibroblasts induced by Rous sarcoma virus (32) as well as being effective against several protein methylases (9, 32). The activities of a family of sinefungin and sinefungin-like compounds on several m ali methyltransferases have also been reported (15) .
As seen in growth inhibition studies (Fig. 2) , SF is capable of inhibiting yeast growth at concentrations where the sterol profile is not affected (Fig. 3) . Since it appears that there are methylation enzymes which are more sensitive to SF than the SCMT, the cellular perturbations brought about by inhibition of these other transmethylases preclude an unambiguous analysis of the role of sterol methylation in the physiology of yeasts, based on studies with the inhibitors.
